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ABSTRACT
We have conducted a study of optical and H I properties of spiral galaxies (size, luminosity, Hα flux distri-
bution, circular velocity, H I gas mass) to investigate causes (e.g., nature versus nurture) for variation within
the cluster environment. We find H I deficient cluster galaxies to be offset in Fundamental Plane space, with
disk scale lengths decreased by a factor of 25%. This may be a relic of early galaxy formation, caused by the
disk coalescing out of a smaller, denser halo (e.g., higher concentration index) or by truncation of the hot gas
envelope due to the enhanced local density of neighbors, though we cannot completely rule out the effect of
the gas stripping process. The spatial extent of Hα flux and the B-band radius also decreases, but only in early
type spirals, suggesting that gas removal is less efficient within steeper potential wells (or that stripped late
type spirals are quickly rendered unrecognizable). We find no significant trend in stellar mass-to-light ratios
or circular velocities with H I gas content, morphological type, or clustercentric radius, for star forming spiral
galaxies throughout the clusters. These data support the findings of a companion paper that gas stripping pro-
motes a rapid truncation of star formation across the disk, and could be interpreted as weak support for dark
matter domination over baryons in the inner regions of spiral galaxies.
Subject headings: galaxies: clusters — galaxies: evolution — galaxies: kinematics and dynamics
1. INTRODUCTION
Recent years have seen the emergence of a standard model
for the growth of structure – the hierarchical clustering model
– in which the gravitational effects of dark matter drive the
evolution of structure from the near-uniform recombination
epoch until the present day. Simple models for galaxy forma-
tion in the context of these CDM cosmogonies have been re-
markably successful in reproducing the properties of the local
galaxy population (Kauffmann, White, & Guiderdoni 1993;
Cole et al. 1994) and have been extended to predict the sizes,
surface densities and circular velocities of spiral galaxy disks
(Dalcanton, Spergel, & Summers 1997; Mo, Mao, & White
1998).
The result has been a testable scenario that predicts the basic
structural properties of the disk galaxy population in any spe-
cific cosmogony of CDM type, and how the ensemble of disk
galaxies should evolve with redshift. The models assume that
most spirals formed as the central galaxies of isolated halos,
an assumption supported by the fact that they must have un-
dergone minimal dynamical disturbance since the formation
of the bulk of the disk stars (Tóth & Ostriker 1992). The size
of the disk is thus expected to scale with that of its halo, and at
high redshift the predicted distribution of halo sizes is shifted
to smaller values.
By z = 1 the predicted change in disk size is almost a factor
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of 3 for an Einstein-de Sitter Universe, though only about 1.5
for a flat universe with Ω0 = 0.3. High redshift field spirals
show some evidence for this effect (Vogt 2000), though sur-
face brightness selection biases can mimic this trend and it is
difficult to separate the two factors (Vogt et al. 2004c). Alter-
natively, one can search for evidence within the fossil record
of local clusters. Specifically, spiral galaxies which formed
early in the vicinity of rich clusters may preserve signatures
of early coalescence (Kauffmann 1995), even as we observe
them today. The difficulty, of course, is to distinguish be-
tween such cosmological variations in disk structure and in
the direct effects of the cluster environment. Some fundamen-
tal disk properties (e.g., scale length) may prove to be more a
function of the cluster-wide environment than of the galaxy-
specific environment, while the properties of the gas reservoir
are strongly dependent upon the individual merger history and
on interactions with the intracluster medium.
There have been a number of theoretical approaches to mod-
eling the Tully-Fisher (Tully & Fisher 1977) relation and its
implications for disk formation and evolution (Rhee 1996;
McGaugh 2000; van den Bosch 2000 and references therein).
Its successful use to probe the peculiar velocity field about
clusters is dependent on the assumption that the relevant
galaxy properties do not vary significantly in different envi-
ronments. Ideally Tully-Fisher studies utilize many galaxies
within a cluster to reduce the distance error estimate; by mea-
suring velocity widths from Hα rotation curves, H I selected
samples can be augmented with gas-poor galaxies for which
the H I line profile cannot furnish a velocity width (cf. Gio-
vanelli et al. 1997a). This increases the sampling of a cluster,
and in addition H I stripped spirals are the most likely to be
true cluster members rather than members of infalling groups,
offset both on the sky and in projection.
Evidence for systematic changes in the Tully-Fisher rela-
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tion as a function of environment could invalidate such stud-
ies. Variations in the mass and light distribution of galaxies
with environment could thus have a significant effect, as the
Tully-Fisher relation might vary not only between the field
and clusters, but, if environmental effects are important, from
cluster to cluster depending upon its evolutionary state. Fur-
thermore, Salucci, Frenck, & Persic (1993) argue that the
scatter in the Tully-Fisher relation can be decreased by de-
composing the mass distribution within galaxies into a dark
and a luminous component to isolate the contribution of the
disk alone to the circular velocity of the system (see how-
ever Jablonka & Arimoto 1992), implicitly emphasizing the
need for detailed knowledge of the environmental variations
of the dark and luminous mass distributions. Though most of
the Tully-Fisher studies performed to date have not contained
large or sufficiently well–defined samples to properly assess
environmental impacts, there is some evidence (Biviano et al.
1990) against a strong dependence of the Tully-Fisher rela-
tion calibration upon mean cluster densities, radial positions
of galaxies within clusters, or galaxy morphologies.
There is also evidence that the Tully-Fisher relation and the
D −σ relation, and other fundamental plane relations, do not
necessarily produce the same results when applied in parallel.
The peculiar velocities derived by Aaronson et al. (1986) for
spirals, and by Lucey et al. (1991) for ellipticals and S0s,
within the cluster A2634, for example, differ significantly.
The effects of the cluster environment upon the two popula-
tions may be a very relevant factor, as is the evidence for an
environmental correlation in the zeropoint of the D−σ relation
(Lucey et al. 1991; Guzmán 1993). However, the effects of in-
falling group velocities and, in this case, the possible inclusion
of galaxies from the very nearby cluster A2666 (Scodeggio et
al. 1995) must also be examined.
Our program integrates both optical and H I observations;
we seek to form a consistent picture of infalling spirals which
is sensitive to both gas depletion and star formation suppres-
sion. Our sample is made up of 329 galaxies, 296 selected
from 18 nearby clusters and 33 isolated field galaxies observed
for comparative purposes. It extends over a wide range of en-
vironments, covering three orders of magnitude in cluster X-
ray luminosity and containing galaxies located throughout the
clusters from rich cores out to sparsely populated outer en-
velopes. We have obtained Hα rotation curves to trace the
stellar disk kinematics within the potential at high resolution
and to explore the strength of current star formation, H I line
profiles to map the overall distribution and strength of H I gas,
and I-band imaging to study the distribution of light in the un-
derlying, older stellar population. The sample contains spirals
of all types, and is unbiased by the strength of flux from H II
regions or by H I gas detection. This paper is a companion
to Vogt, Haynes, Herter & Giovanelli (2004a, Paper I), which
details the observations and reduction of the data set, and to
Vogt, Haynes, Herter & Giovanelli (2004b, Paper II) which
explores the evidence for spiral galaxy infall.
2. EVOLUTION IN FUNDAMENTAL PARAMETERS
2.1. Sampling Bias within the Dynamical Sample
Taken together, these points all serve to motivate our exam-
ination of the fundamental parameters for cluster spirals for
environmental variations. We proceed to explore the space
defined by luminosity, size and circular velocity through the
size-velocity relation, the surface brightness diagram, and the
Tully-Fisher relation. We first examine three representative
variables for bias. The process used is derivative of that for our
larger Tully-Fisher program, discussed in great detail within
Giovanelli et al. 1997ab. We begin by examining the distri-
bution of disk scale length Rd , circular velocity ∆Vcirc, and
I-band magnitude MI − 5 log h across the dynamical sample.
These data have been corrected for the effects of extinction,
inclination, and seeing conditions. We wish to compare the
distribution of these fundamental parameters, which differ in
their dependence on distance, against each other. We will con-
trol out the effect of peculiar velocities for each cluster, by
comparison of the standard Tully-Fisher relation (i.e. total I-
band magnitude MI − 5 log h versus terminal circular veloc-
ity ∆Vcirc) offsets with a template relation derived for a large,
overlapping distribution of clusters spread around the sky (the
“basket of clusters” approach, where the template relation has
been derived from clusters at cz ∼ 6,000 km s−1, Giovanelli
et al. 1997). In order to compute a valid Tully-Fisher relation
for each cluster, we must first evaluate the effects of bias in
cluster sampling.
Cluster sampling can be biased by a large number of se-
lection effects, including the undersampling of faint galax-
ies, the homogeneous Malmquist bias (cf. Lynden-Bell et al.
1988) due to the increase in sampled co-moving volume with
distance which scatters distant objects preferentially into the
sample, and variations of galaxy properties with morpholog-
ical or environmental variations. We refer the reader to an
extended discussion of the impact of these factors within Dale
et al. 1999b, arguing the negligible impact of all but the sam-
pling bias towards the bright end of the luminosity function,
and the the discussion ahead in Section 2.3.3 confirming the
small effects of the cluster environment on the Tully-Fisher
relation within the dynamical sample. The effect of the bias
towards bright galaxies, however, will be to shift the zeropoint
of the relation towards brighter magnitudes and to decrease the
apparent slope.
The first three columns of Figure 1 show the distribution of
disk scale length Rd , circular velocity ∆Vcirc calculated from
the terminal behavior of the Hα rotation curves, and total I-
band magnitude MI −5 log h across the dynamical sample. We
have chosen to separate the galaxies into five bins as a func-
tion of redshift rather than working on a cluster by cluster ba-
sis, given that the incompleteness is a function of distance, to
increase the number of points within each bin (∼ 50). There is
no strong trend with Rd or with circular velocity, as expected
given that our selection technique was not tuned to these vari-
ables, and we elect to make no corrections on them. We do
expect a strong trend with absolute magnitude, given the mag-
nitude dependence of the selection of our survey objects, and
indeed a bias towards increasingly bright intrinsic magnitude
shows up clearly as a function of redshift.
The correction for magnitude is made as follows, in the
form of previous studies (Giovanelli et al. 1997, Dale et al.
1999b). We select a reference frame at rest with respect to the
CMB, and apply a type-dependent correction to bring all mor-
phological groups to the same zeropoint (−0.32 magnitudes
for Sa and Sab galaxies, −0.10 magnitudes for Sb galaxies).
We then model the completeness in absolute magnitude within
each redshift bin as a smoothed step function varying between
0 and 1, with the form
c(y) = 1
e(y−yt )/η + 1
, (1)
where yt is a transitional luminosity, decreasing monotoni-
cally with bin redshift, and η controls the rate of decay of
the function. Having fit c(y) to each bin (see column 4 of Fig-
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FIG. 1.— Exploration of selection biases throughout the sample, as a function of redshift. The first three columns show the distribution of the sample in size,
circular velocity, and luminosity, broken into five redshift bands. A Gaussian function is fit to the size and velocity functions, and frozen across the redshift bins.
A Schechter luminosity function (M∗=-22.1, α=-0.50) is similarly applied to the magnitude histogram. The fourth column shows the completeness in magnitude
varying between 1 (dotted line) and zero. The fifth column shows the incompleteness bias in magnitude for each redshift bin, calculated as discussed in the text,
for each galaxy and in a smoothed functional form.
ure 1), we can now evaluate the probable completeness of the
sample for each member as a function of velocity width and
redshift. For each galaxy, we compute a series of trial magni-
tudes by assuming the underlying distribution corresponds to
the template form of the Tully-Fisher relation (Giovanelli et
al. 1997). In each trial,
ytrial = bTF (∆Vcirc − 2.2) + aTF + fG ∆x, (2)
where aTF = −21.01, bTF = −7.68, an offset based on the tem-
plate scatter ∆x = −0.28(∆Vcirc − 2.2) + 0.26, and fG is drawn
from a Gaussian distribution with zero mean and unit vari-
ance. The value of ytrial is stored if the value of c(ytrial) for
the appropriate redshift bin is greater than a random num-
ber drawn from the range [0,1]. This process is repeated un-
til 1000 values of ytrial have been successfully stored. The
incompleteness bias for this object is then computed as the
difference between the mean value of ytrial and the value ex-
pected from the template relation,
−∆yicb = 0.001×
1000∑
i=1
ytrial,i −{bTF (∆Vcirc − 2.2) + aTF} . (3)
A smooth step function function ficb(∆Vcirc) is then fit to the
distribution of yicb within each redshift bin, as shown in col-
umn 5 of Figure 1. As expected, for a given velocity width the
incompleteness bias in magnitude decreases from zero with
redshift. The functional form of ficb(∆Vcirc) is now subtracted
from the galaxy magnitudes to counteract the tendency to se-
lect brighter objects at a given circular velocity. The maxi-
mum bias term is −0.1 magnitudes for our sample, due to the
depth of the cluster sampling and the limited range in redshift
(cz < 13,000 km s−1).
The next step in comparing fundamental parameters is to
compute the corrections for the members of each cluster due
to peculiar velocities. Most of the cluster within the dynam-
ical study were examined within Giovanelli et al. 1998, and
A2151 was examined in Dale et al. 1999b, and the peculiar
velocities computed therein can be used for this purpose. We
proceed to calculate peculiar velocity corrections for the re-
maining clusters A426 and A539, in the same fashion. For
each cluster, we calculate the mean of the error-weighted off-
sets in magnitude from the template relation for the individual
galaxies which are members of the cluster. This gives us val-
ues of 0.150 magnitudes (-364 km s−1) for A426 and 0.070
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FIG. 2.— Circular velocities of early (left) and late (right) type spirals derived from H I line profiles and from the Hα emission line flux at 2Rd for H I normal
field galaxies (filled triangles), the few H I deficient field galaxies (open triangles), H I normal cluster members (open circles), H I deficient cluster members
(filled circles), and H I non-detections (filled squares). The 27 H I non-detections are boxed on the left, and the nine galaxies for which the Hα flux does not
extend to 2Rd are boxed below. We find ∆Vcirc (Hα) = (1.16 ± 0.03) ×∆Vcirc (H I) − (0.049 ± 0.003).
magnitudes (-277 km s−1) for A539.
2.2. Parameterizing Velocity Profiles
We begin by examining the velocity profiles of the galaxies.
We have two independent forms of velocity width measure-
ment: the frequency distribution of H I gas, from single-dish
H I line profiles, and the spatial and frequency distribution of
Hα and [N II] line flux. Because the bulk of H I gas is found
at large radii, the H I line profile serves as a good measure
of terminal velocity. Hα and [N II] rotation curves are simi-
larly useful, because they typically extend for three to five disk
scale lengths, to the outer portion of the optical disk where the
velocity profile becomes fairly flat.
Optical rotation curves can be characterized by a steeply
sloped inner region (r ∼≤ 1 Rd), a transition or elbow point,
and then a shallow slope which gradually tapers off to become
flat at large (r ∼ 4 Rd) radii. A clear mechanism for creating
rising terminal profiles is to truncate the Hα flux before the
profile has leveled off. As discussed in Paper II, such a trunca-
tion occurs in spiral galaxies interacting with hot intracluster
gas, and is certainly a function of the cluster environment. We
have explored previously the good agreement found between
velocity widths derived from the terminal, or near-terminal,
behavior of optical rotation curves and from H I line profiles
(Vogt 1995, Giovanelli et al. 1997a, Dale et al. 1998). These
measurements depend strongly upon the extent of the rota-
tion curve, often requiring a minimum extent to the isophote
containing 83% of the I-band flux (as proposed by Persic &
Salucci 1991, 1995), and containing a correction term depen-
dent upon the steepness of the terminal slope of the rotation
curve. This corrective term serves well for peculiar veloc-
ity studies, by allowing calculations of cluster positions to
be enhanced by the inclusion of spiral galaxies well within
the cluster cores (typically H I deficient and with truncated
Hα). However, this assumes that the slope-dependent cor-
rection term, in effect an extrapolation of the rotation curve
behavior beyond its terminal radii, can be applied universally.
In order to evaluate type-dependent factors we divide our
sample into early (Sa through Sb) and late (Sbc through Sd)
types, and allow the zeropoint for each relation to shift be-
tween the two type groups. We elect to measure the disk cir-
cular velocity at a smaller radius of 2 Rd throughout the dy-
namical sample, a distance to which all but nine of the Hα
rotation curves extend, and to apply no slope-dependent cor-
rection term. Six of the nine have normal Hα extent, being
fairly large galaxies for which Rd ∼ 5 h−1 kpc, and the oth-
ers are stripped or asymmetric. We note the work of Willick
(1999), who found a reduced scatter in the Tully-Fisher rela-
tionship of the LP10k catalog by measuring velocity widths
at 2.1 Rd , in support of the use of V(2Rd) in evaluating mass-
to-light ratios. This width is equal to the Hα terminal veloc-
ity width in many cases; lower values are typically found for
slow rising profiles of small or late type spirals which have
not reached their full velocity width at 2 Rd . The most signif-
icant difference within the sample in the percentage rise at 2
Rd lies between early and late type spirals, and we account for
this by examining each morphological group separately and in
combination.
For quenched galaxies, the Hα absorption trough is deep
and can be traced through the nucleus and along the major
axis. It extends to a radius at or beyond 2 Rd in all but three
cases. This makes it possible to determine a velocity width
from the optical spectrum as is done for emission line flux,
with appropriate corrections between stellar and gas veloci-
ties (see discussion in Paper I, also Neistein, Maoz, Rix, &
Tonry, 1999). In the few cases where a velocity width can
also be measured from the H I data, it is found to be in good
agreement with that taken from the Hα absorption line flux.
2.3. Overview of Fundamental Parameter Relations
We find that the galaxies observed in the general vicinity
of the clusters but more than 3 h−1 Mpc from the center have
characteristics similar to those of the isolated field spirals, and
combine the two populations to form a single population rep-
resentative of the field. The region more than 3 h−1 Mpc from
the clusters is typically fairly empty, the exception being that
around the A1656 cluster which shows an over-density of spi-
rals at large radii in a bridge extending towards A1367 (see
Figure 1 in Paper II). We conducted our analysis with and
without the extended spiral population around A1656, and
found no significant differences. The three H I deficient field
spirals on our sample were not used in fits to the field popu-
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lation; we note that they follow the characteristics of the H I
normal field population more than the H I deficient cluster
population.
We examined the three relations by dividing our sample
galaxies into various subsets. All galaxies within 3 h−1 Mpc
of the cluster cores which were not background or foreground
superpositions were treated as cluster members, including
both accreted spirals and infalling subgroups. We inspected
each individual cluster in turn, divided the clusters into X-ray
hot and X-ray cold groups, and binned galaxies according to
their individual H I deficiency. The four clusters with X-ray
temperatures greater than 4 keV (A1656, A426, A2199 and
A1367) made up the X-ray hot group, and the other clusters
and groups were all considered to be X-ray cold.
We found that the offsets from the H I normal field galax-
ies within the sampled clusters correlated most strongly with
H I deficiency, and cluster X-ray temperature. There is, of
course, a strong overlap between the H I deficiency and X-
ray hot cluster membership (cf. Magri et al. 1988). H I defi-
cient members of X-ray hot clusters showed strong trends and
H I normal members of X-ray cold clusters showed the least
deviation from the field spiral population, unsurprisingly, but
we note that H I normal members of X-ray hot clusters show
more (at marginal significance, however) of a deviation from
the field population than do H I deficient members of X-ray
cold clusters. The most deviant galaxies within the cluster
sample were late type members of X-ray hot clusters, so gas
deficient that no generally no H I gas had been detected (to
limits of ∼ 5 × 108 M⊙). Figures 3 through 5 illustrate these
trends, as discussed below.
2.3.1. The Size-Velocity Relation
Figure 3 shows the relation between disk scale length and
circular velocity throughout the dynamical sample. (Disks and
bulge surface brightness profiles were deconvolved, and both
disk scale lengths and velocities were corrected for inclina-
tion, as discussed in Paper I.) We present an average of y−on−x
and x−on−y error weighted, 3σ-clipped least-squares fits to the
159 galaxy H I normal population, with the centered variables
x = log ∆Vcirc − 2.20 and y = log Rd − 0.38, and find the rela-
tion log Rd = (1.59 ± 0.18) × log ∆Vcirc − (3.15± 0.01) with
early/late morphological types lying at ∓0.081. (The offset
between field and cluster galaxies is negligible for both H I
normal type groups.)
We find an offset from the H I normal early type population
to the 28 early type H I deficient galaxies of −0.21± 0.15 in
log Rd . The nine quenched galaxies form the extreme edge
of this population, falling at −0.35± 0.18 in log Rd , well be-
low the H I normal sample. There are substantially fewer H I
deficient late type galaxies, and they exhibit more scatter in
all three of the planes which we will examine in Figures 3
through 5. The 21 detected late type H I deficient galaxies lie
at a similar offset of from the late type H I normal spirals, at
−0.13± 0.21, and the three late type quenched spirals fall at
−0.46± 0.16.
One advantage of examining the size-velocity relation is
that it is independent of the direct effects of changes in surface
brightness, and allows us to focus on the more static proper-
ties of disk size and velocity (strongly tied to mass). If the
I-band disk scale length is unaffected by the suppression of
star formation in the disk, as predicted, for example, for mod-
els of tidal interactions (Gnedin 2003), this implies that the
quenched spiral disks formed at a redshift z ∼ 1. We treat
this epoch as an upper limit as we assume (1) that the disk
scale lengths are unlikely to have been larger in the past (i.e.
stars were built up along the disk from the inside-out), (2) that
halo or disk truncation would have only shortened the scale
lengths), and (3) that galaxies which are still identifiable as
spirals are unlikely to have undergone a major merger, and as
we are working at near-infrared wavelengths (less affected by
the instantaneous star formation rate than B-band). This is in
reasonable agreement with observations of disks at high red-
shift (Lilly et al. 1998, Vogt 2000, Le Fèvre et al. 2000).
Though the shift of [O II] 3727Å out of the optical passband
makes spectral redshift determinations for star forming galax-
ies above a redshift z ∼ 1.2 fairly difficult, deeply imaged
fields such as the two Hubble Deep Fields suggest that the
virialized field disk population drops off between z ∼ 1 and
1.5 (Vogt 2000).
2.3.2. The Surface Brightness Diagram
Figure 4 shows the surface brightness properties of the sam-
ple. The fit to the H I normal galaxies is log Rd = (−0.25±
0.03) × (MdiskI − 5 log h) − (4.77 ± 0.01), with the fit to the
centered variables x = MdiskI − 5 log h + 21.2 and y = log Rd
− 0.38 and early/late types lying at ∓0.064. The H I nor-
mal cluster galaxies again follow the distribution of the field
spirals. We have converted de Jong’s (1995) B-band surface
brightness relation for a range of field spirals into I-band, for
comparative purposes. Assuming an average B − I = 1.87, it
becomes log Rd = −0.20 × (MdiskI − 5 log h) − 3.79, in reason-
able agreement.
The quenched population is expected to have faded sub-
stantially in I-band, given its evolutionary track. We apply
a brightening factor of 0.70 magnitudes, (1) in line with pro-
jected fading from stellar populations, (2) to match the off-
set in Rd in the R−V relation with that remaining in surface
brightness, and (3) to balance the offset of the quenched galax-
ies within the M−V relation, after examining all three funda-
mental parameter relations. The offset for early type H I defi-
cient galaxies is then −0.14±0.16 in log Rd , and the quenched
spirals are again additionally offset, at −0.40± 0.10. The late
type H I deficient galaxies are offset by −0.13±0.11 in Rd , as
in the R−V plane, and we place the late type quenched galax-
ies at −0.35± 0.07 in Rd . We note that the blue asymmetric
galaxies are offset 0.50 mag brighter than the red, which sup-
ports their placement in a starbursting phase.
2.3.3. The Tully-Fisher Relation
Figure 5 shows the Tully-Fisher relation for our data set. We
find an H I normal spiral relation in agreement with the liter-
ature, in the range of other I-band results (cf. Pierce & Tully
1992, Giovanelli et al. 1997b, Verheijen 2001). Recall that we
are using disk rather than total galaxy magnitudes, with mean
bulge fractions are (13 ± 9)%, and velocity widths measured
at 2 Rd as our cardinal variables, and so corrections must be
made to transfer from one survey to another to compare re-
sults. An average of y−on−x and x−on−y, error weighted least-
squares fits to the centered variables x = ∆Vcirc − 2.20 and y
= MdiskI − 5 log h + 21.2 yields the relation MdiskI − 5 log h =(-6.31 ± 0.33) × log ∆Vcirc − (7.26 ± 0.01), with early/late
types lying at ±0.065.
The offset for early type H I deficient galaxies is 0.003±
0.42 in log MdiskI − 5 log h (shifting the zeropoint to brighter
magnitudes), while the quenched spirals are offset by −0.10±
0.56. The offsets are similarly small for late type spirals,
(0.06± 0.47, and 0.29± 0.46 for the three late type quenched
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FIG. 3.— Exponential disk scale length Rd as a function of circular velocity ∆Vcirc, divided into early (left) and late (right) morphological types, and H I
normal (top) and H I deficient (bottom) spirals. Small open triangles represent isolated field galaxies, and small open circles galaxies within cool clusters or
located more than 900 h−1 kpc from the core of a warm (kT > 4 keV) cluster. Core members of warm clusters are shown with a large solid circle; those few
within the cores of the three hottest clusters (A1656, A426, and A2199) are encircled, and quenched galaxies are marked with asterisks. Early and late types were
offset by±0.081 in log Rd to bring the zeropoints of the H I normal morphological groups into agreement, and an error weighted fit to the complete H I normal
population, with dashed 1σ limits, is shown in all four windows. The second solid line on the lower plots shows the ∼ 30% offset in Rd to the H I deficient
galaxies for each morphological group.
spirals). The alignment of the three sub-populations, the H I
normal galaxies, and H I deficient, and the quenched spirals,
in each morphological bin, supports the proposed brightening
correction of 0.70 magnitudes for the quenched population.
If the disk scale lengths of H I deficient galaxies are decre-
mented by ∼ 25% as suggested by their distribution in the
R−V and the R−M planes, then we may in fact be measuring
circular velocities at 1.5 Rd rather than at 2.0 Rd . When we
refit these velocity profiles at 2.5 Rd , the offset from the H I
normal relation for those that extended that far in Hα became
insignificant. As the galaxies for which the extent of Hα is
most truncated (between 2.0 and 2.5 Rd) may be those most
altered by the stripping process, we re-integrated them into
the revised fit by comparing the velocities measured at 2 Rd
for the H I deficient population with velocities measured at
1.5 Rd for the H I normal population; again the already small
offset became negligible.
In contrast to the R−V and R−M planes, we find that the
H I deficient galaxies show no significant offset relative to the
H I normal population, with the exception of the quenched
galaxies. This suggests that, although cluster spirals are
smaller than their field counterparts, any alterations to the
global brightness or mass either preserve the mass-to-light ra-
tio (moving along the Tully-Fisher relation rather than away
from it), or take effect significantly more slowly than the fast
(∆t ∼ 107 years) H I stripping processes.
Early work with Hα optical rotation curves (Rubin, Whit-
more, & Ford 1988; Whitmore, Forbes, & Rubin 1988; Forbes
& Whitmore 1989) suggested that the observed velocity pro-
files declined at large optical radii more in cluster spirals than
in the field, implying the presence of substantially stripped or
stunted halos, but this result has not been supported by later
observations (Distefano et al. 1990; Amram et al. 1993 two-
dimensional velocity maps; Sperandio et al. 1995; Vogt 1995;
Dale et al. 1999a). We have examined the inner and outer
slopes of the optical rotation curves calculated by a range of
methods, and determined stellar mass-to-light ratios for our
sample calculated by a velocity decomposition of the bulge,
disk and halo, and find no evidence for significant offsets as
a function of H I deficiency or cluster X-ray gas temperature
there either. (Note that apparently larger outer slopes of clus-
ter spirals can be accounted for by the radial truncation of the
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FIG. 4.— Exponential disk scale length Rd as a function of disk I-band luminosity MdiskI − 5 log h, divided into early (left) and late (right) morphological
types, and H I normal (top) and H I deficient (bottom) spirals. Symbols are as in Figure 3. Early and late types were offset by ±0.064 in log Rd to bring the
zeropoints of the H I normal morphological groups into agreement, and the quenched population was brightened by 0.70 magnitudes. An error weighted fit to
the complete H I normal population, with dashed 1σ limits, is shown in all four windows. The second solid line on the lower plots shows the ∼ 25% offset to
the H I deficient galaxies for each morphological group.
Hα emission, leading to a measurement biased towards the
rising inner part of the curve.) Unfortunately, the Hα velocity
profiles of cluster (and of many field) galaxies do not extend
to large enough radii for us to constrain the halo core radius or
shape significantly. We have performed bulge, disk, and halo
fits to the combination of velocity profiles and deconvolved
surface brightness profiles (Vogt 1995), but we are unable to
provide direct evidence for or against halo truncation within
the optical radius.
One could argue, given the lack of change to the full ve-
locity profiles, that the three-plane data shown in Figures 3
through 5 support the case for dark matter domination over
baryons in the inner regions of spirals disks. However, we
must contrast this with the work of Debattista & Sellwood
(2000), who argue that a dominant inner halo would drag
down the rotational speed of bars in barred galaxies, and
of Dalcanton and of van den Bosch (2000), whose rotation
curves of late type, low surface brightness spirals cannot be fit
in the cores with any of the standard halo models (e.g., Hern-
quist, NFW).
The quenched spirals are found to lie 0.70 magnitudes
fainter than the H I normal relation, where one would ex-
pect a spiral to lie if star formation had previously been halted
by removing the gas reservoir without significantly disturbing
the stellar structure of the disk (cf. Kannappan, Fabricant, &
Franx 2002). This is particularly interesting to note, in view
of recent work on a Tully-Fisher relation by Hinz, Rix, &
Bernstein (2001) and Neistein, Maoz, Rix, & Tonry (1999),
finding offsets ≤ 0.2 magnitudes from late type spirals for 18
Coma S0s. In contrast, Magorrian (2000) has used constant-
anisotropy spherical dynamical models to study 18 ellipticals
and derived an offset ∼ 1 magnitude fainter than normal spi-
rals for them. Clearly, morphological type classification (and
inclination angles) play an important role in interpreting these
results.
In summary, the simplest way to reconcile the offsets shown
within the three planes of Figures 3 through 5 is through a de-
crease in disk scale length of∼ 25% for H I deficient galaxies,
with an additional fading of 0.70 magnitudes for the quenched
spirals. The quenched spirals represent the extreme edge of
the truncated population, and the H I normal members of hot
cluster cores, though small in number, also follow this trend.
3. STAR FORMATION PROPERTIES
Star formation rates have been studied previously in clus-
ters by use of broadband colors, narrow-band Hα photometry,
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FIG. 5.— Disk I-band luminosity MdiskI − 5 log h as a function of circular velocity ∆Vcirc, divided into early (left) and late (right) morphological types, and
H I normal (top) and H I deficient (bottom) spirals. Symbols are as in Figure 3. Early and late types were offset by ∓0.065 in MdiskI − 5 log h to bring the
zeropoints of the H I normal morphological groups into agreement, and the quenched population was brightened by 0.70 magnitudes. An error weighted fit to
the complete H I normal population, with dashed 1σ limits, is shown in all four windows. The second solid line on the lower plots shows the minimal offset to
the H I deficient galaxies for each morphological group.
and Hα equivalent widths. Kennicutt et al. (1984) observed
that many cluster spirals had star formation properties equiv-
alent to those of field spirals and that H I deficiency did not
necessarily imply a change in the overall star formation rate.
Recent work on circumnuclear starbursts has identified prob-
able tidal-interaction candidates in the cores of rich clusters
(Moss & Whittle 2000; see also Andersen 1999) and exten-
sive analyses of the Virgo cluster (Koopmann 1997; Gavazzi
et al. 2002a, 2002b) has targeted star formation suppression
in the outer parts of cluster disks through a variety of H I gas
stripping and redistribution mechanisms.
We looked for evidence within the dynamical sample sup-
porting Koopmann’s finding that a substantial fraction of clus-
ter spirals are assigned early spiral type Hubble types due to
low global star formation rates, though their central light con-
centrations are more representative of late type spirals (i.e.
stripped late type spirals are systematically misclassified as
early types). Lacking central concentration measurements, we
examined I-band bulge-to-total (B/T) fractions as a function
of galaxy type, but found no significant trend with H I defi-
ciency. We do not find evidence for H I deficient, late type
interlopers, with small bulge fractions, within the early type
classifications. However, we do note that the asymmetric late
type galaxies have larger B/T fractions and redder B − I colors
than normal late type spirals, suggesting a shift toward certain
early type qualities. There is an offset of ±0.075 in log Rd
between late and early morphological type galaxies regardless
of H I gas content (Figures 3 and 4). Because of this, stripped
late type galaxies classified as early types could contribute to
the smaller offset observed for H I deficient early type galax-
ies than for late types, as they would fall closer to the H I
normal early type galaxy relation than to that for late types.
We lack Hα photometry and multi-band aperture colors
for our sample, but the distribution and extent of Hα along
the 1′′slits we placed along the galaxy major axes provides a
tracer of young star formation. Figure 10 in Paper II shows the
distribution of Hαext emission throughout the dynamical sam-
ple. Hαext is shown as a function of Rd , thus taking into ac-
count the decrement of 25% in Rd found for the H I deficient
galaxies. An average of y−on−x and x−on−y, error weighted
least-squares fits, conducted on the centered variables x = log
Rd − 0.38 and y = log Hαext − 0.90, yields the one-to-one re-
lation log Hαext = (0.85 ± 0.06) × log Rd + (0.62± 0.09) for
H I normal galaxies, with no significant offset (∓0.01 in log
Hαext) between morphological types. The early type H I defi-
cient spirals have truncated emission for their size, by −0.13±
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0.07 in log Hαext (equivalent to a decrease of 26% in Hαext).
In contrast, the Hα emission in the H I deficient late type spi-
rals shows no significant change in length (−0.01 ± 0.09).
If Hαext was unchanged by the stripping process and by the
cause of the change in Rd , we would expect an apparent offset
of +0.12, due to the decrement of 25% in log Rd in H I defi-
cient galaxies. The observed decrement of Rd , isolated in the
plots of fundamental parameters for spirals of all morphologi-
cal types, is not echoed in Hα truncation, which suggests that
the change in Rd is not an artifact of the H I stripping pro-
cess. The extent of the Hα absorption trough along the major
axes of the quenched spirals is significantly more truncated
than the distribution of the Hα emission line for H I deficient
galaxies. The distribution of the old stellar population con-
tributing to the Hαext absorption of the quenched spirals may
be partly responsible for this extreme truncation, if disks are
built up from the inside to the outside over time.
A contrasting result from a recent large-scale study of 510
rotation curves (Dale et al. 2001) found weaker trends in the
extent and asymmetry of the Hα flux with clustercentric ra-
dius. The strong selection bias of the survey towards galaxies
with strong, extended Hα or [N II] 6584Å emission, chosen
by eye to lack a dominant bulge component (Dale et al. 1997),
and of late type (70% are Sbc or later, Sc galaxies alone make
up 52%, Dale et al. 1999a) in effect has biased the sample
against the galaxies which show the most change in Hα, and
explains our contrasting results.
We note that the combined effects of disk size decrement
and Hαext truncation can also well explain the apparent in-
crease in rotation curve outer slopes for certain cluster spirals
reported in Vogt (1995). By truncating the Hα flux within the
inner regions of the rotation curve, before the curve has lev-
eled off to a terminal straight relation, and decrementing Rd ,
one can measure an inflated, high slope by fitting the decre-
mented final extent of the rotation curve at smaller radii.
If the changes in Rd are due to the galaxies within in the rich
cluster cores having formed at an early epoch, the truncation
of Hαext is best attributed to the direct effects of the galaxy
local environment, be it H I gas stripping through interaction
with the intracluster medium, galaxy harassment or tidal ef-
fects. This is supported by the distribution of the asymmetric
spirals through the plot. The H I deficient asymmetric spirals
follow the relation of the general H I deficient spirals. Those
which are still fairly gas-rich, however, and thus assumed have
only recently begun the stripping process, show an interest-
ing feature. When Hαext is defined as the shorter extent of
Hα along either side of the disk, the gas-rich asymmetric spi-
rals follow the relation of the general H I deficient spirals.
When we examine the longer extent of Hα, however, we find
that these galaxies follow the relation of H I normal spirals.
This implies, in support of Koopmann 1997, that the complete
stripping process is systematically truncating star formation in
the outer parts of the disk.
Figure 6 shows similarly that the B-band radii Rb are smaller
in the H I deficient early type galaxies than in the H I normal
sample; as with the Hα extent, we do not see an equivalent
drop in the late type galaxies. We find log Rb = (0.89 ± 0.06)
× log Rd + (0.71e± 0.08) for H I normal galaxies, with no
significant offset (∓0.01 in log Rb) between morphological
types. The early type H I deficient cluster spirals are offset
from the H I normal field population by 0.02 ± 0.09 in log
Rb. (There is a small offset to the quenched population, at
0.05 ± 0.10.) If Rb was unchanged by the stripping process,
we would expect an offset of 0.11, caused by the decrement
of 25% in log Rd in H I deficient galaxies. The late type H I
deficient cluster spirals are offset from the H I normal popu-
lation by 0.08 ± 0.10, suggesting that Rb is unchanged by the
stripping process for recognizably late type spirals. The scat-
ter in the Rb − Rd relationship is large, but this suggests that
Rb, like Hαext , is decremented in the stripping process, while
the decrement in the Rd may be a remnant of an early forma-
tion epoch. Assuming a constant young star formation rate, it
is possible that a formation-era initial decrement in Rb could
be subsumed within later star formation and radially increas-
ing disk growth.
Figure 7 shows the distribution of H I gas content across
the dynamic sample as a function of Rb and morphological
type, the two variables commonly used in modeling expected
gas masses (cf. Solanes, Giovanelli, & Haynes 1996 and ref-
erences therein). The distribution of H I mass is fairly contin-
uous; there is no zone of avoidance between normal and defi-
cient states. Almost none of the galaxies for which we have an
upper limit on the gas content lie above the zone of substantial
(40%) H I deficiency. The difference in the predicted amount
of H I gas as a function of morphological type is far less than
the distinction between the H I normal and H I deficient cate-
gories. However, due to the steep slope of the relation for late
type spirals, if any of the H I deficient galaxies classified as
early type are late type spirals which have undergone a par-
tial morphological transformation, the degree of H I gas mass
loss could be under/over-estimated by up to a factor of two for
large/small values of Rd . We note also that the decrement in
Rb observed for early type, H I deficient galaxies (Figure 6)
would translate into an underestimate of H I gas deficiency of
20% for these galaxies.
4. CONCLUSIONS
We have conducted a study of optical and H I properties of
spiral galaxies to explore the role of gas stripping as a driver
of morphological evolution in clusters. For H I deficient lo-
cal cluster spirals (with less than 40% of the predicted atomic
gas mass), we observe a decrease of a factor of 25% in I-band
disk scale lengths relative to H I normal spirals in spirals of all
morphological types. This may be a relic of early galaxy for-
mation, caused by the disk coalescing out of a smaller, denser
halo (e.g., higher concentration index) or reflect an environ-
mental effect (e.g., truncation of the hot gas reservoir at large
radius due to the high local density of neighboring galaxies),
or it may be be the product of post disk-formation effects (e.g.,
gas stripping, tidal interactions). The few H I normal spi-
rals observed in the cores of rich clusters are similarly decre-
mented, in support of the former.
B-band radii Rb are decreased by 25% relative to H I
normal field galaxies in H I deficient early type spirals (Sa
through Sb). They show an additional decrease of 55% in the
extent of the Hα flux along the disk, on or within the stripping
radius predicted for the H I gas loss from models. Gas-rich
asymmetric spirals reflect this trend on the truncated side of
the disk, implying that it is caused by the gas stripping pro-
cess. Late type spirals (Sbc through Scd) exhibit neither trend,
suggesting that either gas removal is less effective within the
potential or that once significant star formation suppression
occurs these galaxies are no longer identified as late type spi-
rals.
For star forming spiral galaxies associated with all of the
clusters, we find no significant trend in stellar mass-to-light
ratios or circular velocities with H I gas content, morphologi-
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FIG. 6.— B-band radius Rb as a function of exponential disk scale length Rd , divided into early (left) and late (right) types, and H I normal (top) and H I
deficient (bottom) spirals. Symbols are as in Figure 3. An error weighted fit to the H I normal population is shown on the top two plots, with 1σ limits, and
reproduced on the bottom two plots. The second line (dotted) on the lower plots designates the predicted relation if Rd was decremented by 25% for H I deficient
galaxies, but Rb remained unchanged; the distribution of early type H I deficient galaxies is in clear disagreement.
FIG. 7.— The total H I gas mass vs. blue radius Rb for early (left) and late type (right) galaxies. Symbols are as in Figure 3. Upper limits are drawn for all
undetected galaxies, with the exception of the quenched population (hidden there to simplify the plots, as all but two are undetected). The solid lines show the
normal relations used to calculate H I deficiency as a function of Rb for various galaxy types, and the dashed lines below the H I gas upper limit for the H I
deficient population (less than 40% of the expected gas mass) for each type. The relations for Sb (left) and Sbc (right) fall virtually on top of each other; the
relation for earlier type (left) galaxies lies at 70% of the Sb line, while the relation for later types has a much stronger dependence on Rb. The H I deficiency
limit for late (Sbc through Scd) types has been reproduced on the lefthand plot. The arrow in the upper lefthand corner shows the decrement in Rb that the early
type H I deficient galaxies may have endured in the process of being stripped, which could lead to an underestimate of 20% in the H I gas loss.
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cal type, or clustercentric radius. This could be interpreted as
support for dark matter domination over baryons well within
the optical radius of disks.
In summary, we have explored the formation and evolution
of spiral galaxies in local clusters through a combination of
optical and H I properties. We find evidence that the spirals
within rich cluster cores, believed to coalesce from their halos
at an early epoch, formed with intrinsically smaller disks than
the local field population. We have explored the relationship
between H I gas stripping and the consequential suppression
of young star formation in spiral galaxies. We find that the
ram pressure stripping and the suppression of star formation
both occur quickly within spirals infalling into an intracluster
medium of hot gas, but find little evidence for substantial mass
stripping beyond that of the H I gas.
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